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Orbital ordering below 30 K was previously observed in the ferromagnetic YTiO3 compound both by polarized
neutron diffraction (PND) and x-ray magnetic diffraction (XMD). In this paper we report a procedure for the joint
refinement of a unique spin-density model based on both PND and XMD data. The distribution of the unpaired 3d
electron of titanium is clearly seen on the magnetization density reconstructed by the maximum entropy method
from the PND data collection at 5 K. The Ti3+ 3d orbital populations obtained by joint model refinement are
discussed in terms of the orbital ordering scheme. Small but significant magnetic moments on apical oxygen O1
and yttrium atoms are found. The agreement between experimental and theoretical spin densities obtained using
density functional theory is discussed.
DOI: 10.1103/PhysRevB.96.054426
I. INTRODUCTION
Among the titanates presenting a pseudocubic perovskite
structure and showing an orbital ordering phenomenon, the
perovskite-type YTiO3 crystal has drawn considerable at-
tention because of the existence of antiferromagnetic orbital
ordering in the ferromagnetic state. YTiO3 is a ferromagnetic
insulator with a Curie temperature of 30 K. It has been
investigated theoretically [1–3] and by various experimental
techniques such as nuclear magnetic resonance [4], polarized
and unpolarized neutron diffraction [5,6], inelastic neutron
scattering [7], resonant x-ray scattering [8], soft x-ray linear
dichroism [9], x-ray magnetic diffraction [10], Compton
scattering [11], and elastic x-ray scattering [12]. Theoreti-
cal studies using unrestricted Hartree-Fock calculation and
density functional theory (DFT) with generalized gradient
approximation predicted the wave functions of the orbital
ordering state of the 3d electrons of Ti atoms to be the linear
combination of |yz〉 and |xz〉 orbitals of the t2g state [1].
The first direct evidence of orbital ordering in YTiO3 has
been given by Akimitsu et al. [6] by using the polarized
neutron-diffraction (PND) technique. Experimental magnetic
form factors of “special” reflections originating from the
aspherical contribution of the Ti spin density were measured.
It was noted that these magnetic reflections are forbidden
in the spherical approximation for magnetic structure factor
calculations. An appearance of magnetic response at these
reciprocal points is directly related to the existence of the
orbital ordering. Moreover, the measured magnetic form
factors were confronted with a model of orbital ordered
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configuration of the t2g electrons matching the symmetry of
the Jahn-Teller distortion. It was found that the populations of
the |yz〉 and |xz〉 orbitals in the t2g state orbital functions, fitted
from experimental results, are in agreement with the model [6].
The “antiferromagnetic” orbital ordering in YTiO3 was also
confirmed by x-ray magnetic diffraction (XMD) experiments
[10,13]. The magnetic form factor obtained for a total of
62 reciprocal-lattice points was found in agreement with the
calculated one using the ordered orbital model mentioned
above. Moreover, the XMD technique allowing the separation
of orbital (L) and spin (S) form factors gave evidence for the
total quenching of the orbital moment in YTiO3 [10]. We note
that PND and XMD methods are rather complementary: PND
typically provides information on the magnetic form factor
for scattering vectors with sin(θ )/λ < 0.6 Å−1, thus giving
information about the outer part of the spin distribution, while
the XMD operating at sin(θ )/λ > 0.3 Å−1 is more sensitive
to its inner part. Thus, a joint refinement of the PND and the
XMD data may give insight on the spin distribution and, hence,
orbital ordering in YTiO3.
Unfortunately, the PND data set reported in [6] is quite
limited as it contains only zonal reflections ([0kl], [h0l], and
[hk0]). Recent progress in polarized neutron-diffraction tech-
nique due to the use of area detectors [14] and more efficient
polarizers [15] as installed at LLB-Orphée (Saclay) allows fast
acquisition of flipping ratios in a large portion of the reciprocal
space. Therefore a series of flipping ratio measurements has
been undertaken on YTiO3 with the aim to achieve the highest
possible data completeness and redundancy with a 0.6 Å−1
resolution. High completeness was found to be very important
not only in the model refinement but in particular when using a
model-free analysis of data based on the reconstruction of the
three-dimensional spin distribution by the maximum entropy
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method (MEM). We used MEM reconstruction to uncover the
presence of spin density on the ligands. Here we present the
results of these PND studies on YTiO3 and the results of their
joint treatment with XMD data.
This paper is part of a larger project which aims at
developing a model of the experimental spin-resolved electron
density common to experimental techniques as different as
high-resolution x-ray diffraction (XRD), PND, XMD, and
magnetic inelastic Compton scattering (M-ICS). Previous
work has shown that spin-resolved electron density can
be modeled using joint refinement against x-ray-diffraction,
neutron-diffraction, and polarized-neutron-diffraction data
[16]. While PND gives access to the spin density in the
position space, M-ICS permits one to explore spin density
in momentum space. The results thus obtained by M-ICS for
YTiO3 will be presented in Ref. [17] and compared to the
present spin density in position space.
II. EXPERIMENTAL
A. Unpolarized neutron diffraction
A single crystal of YTiO3 of size (1 × 2 × 3.5) mm3
was used in all experiments. The crystal was provided by
one of the authors. Prior to spin-density studies, the nuclear
structure was investigated at the hot neutron four-circle
diffractometer 5C2 (LLB-Orphée, Saclay) using λ = 0.84 Å.
A total of 850 reflections up to sin θ/λ = 0.60 Å−1 were
measured and 280 unique ones (218 > 3σ ) were obtained
by merging equivalents, using space group Pnma. In order
to reveal possible deviations from the Pnma symmetry in the
ferromagnetic phase, data collections were performed at room
temperature, in the paramagnetic phase at T = 40 K (above
the Curie temperature TC = 30 K) and in the ferromagnetic
phase at T = 14 K. Since numerous reflections violating
Pnma special extinction rules were observed in these data
sets, an ab initio structure determination was carried out on
the single crystal diffractometer TOPAZ (Spallation Neutron
Source, Oak Ridge) at T = 90 K and room temperature.
At each temperature more than 5500 reflections (up to
sin θ/λ = 1.00 Å−1) were measured. Details on the TOPAZ
data collection are provided in Table 1S of Ref. [18].
B. PND
Magnetization density studies were performed at the
thermal polarized neutron lifting counter diffractometer 6T2
(LLB-Orphée, Saclay) [15]. Neutrons of wavelength 1.4 Å
were monochromated by vertically focusing graphite crystal
and polarized by a supermirror bender. The polarization factor
of the beam was p = 0.95. In order to fully magnetize
the sample, a 5-T magnetic field was applied. Data were
collected at three different sample orientations, along the
main crystallographic axes a, b, and c, respectively, oriented
parallel to magnetic field. Flipping ratios RPND [Eq. (1)],
i.e., the ratios between the spin-up and spin-down intensities
of more than 260 (hkl) reflections, were measured in the
ferromagnetic phase at 5 K:
RPND = y
+
y−
× F
2
N + 2pq2FNFM + q2F 2M
F 2N − 2peq2FNFM + q2F 2M
. (1)
FM and FN denote the magnetic and nuclear structure
factors. q = sin α is a geometric factor with α being the
angle between the scattering and the magnetization vector.
e is the flipping efficiency. The parameters y± are extinction
coefficients [see Eq. (4)].
Additional measurements with polarized neutrons have
been carried out on the hot neutron spin-polarized two axis
diffractometer 5C1 (LLB-Orphée, Saclay). Neutrons from
the source are monochromated and polarized by the (111)
reflection of a magnetized Heusler crystal Cu2MnAl. The
wavelength is 0.84 Å, which corresponds to the maximum
flux of the hot source and it is ideal for studying large domains
of reciprocal space. The polarization factor of the beam is
p = 0.90. A magnetic field of H = 5 T was applied along
the axis c. The flipping ratios for over 110 (hkl) observed
reflections with l = 0,1,2,3,4 have been measured at T = 5 K.
C. XMD
In the joint refinement and MEM reconstructions we used
the data from the XMD experiment performed earlier on the
BL3C3 beamline of the Photon Factory of KEK in Tsukuba,
Japan [10,13]. These measurements were made at 15 K with
a magnetic field of 0.85 T, which is sufficient to saturate the
magnetization along any axis in the bc plane [19]. The flipping
ratios were measured for 47 independent reflections:
RXMD = I+ − I−
I+ + I− = γfP
FMS
Fch
sin θ. (2)
Here I+ and I− are the scattering intensity before and after
the magnetization reversal, γ is the energy factor given as
γ = h̄ω/mc2 where h̄ω is the energy of x rays and mc2 is the
electron rest mass energy, fP is the polarization factor, FMS
and Fch are the spin part of magnetic structure factor and the
charge structure factor, respectively, and θ is the Bragg angle
set to 45◦ for that experiment.
It should be noted that the Pbnm space group, equivalent to
Pnma, was used for the description of YTiO3 crystal structure
in Refs. [10,13]. In the present paper the standard Pnma space
group is used.
III. RESULTS
A. Nuclear structure and extinction
The integrated intensities measured on 5C2 at 40 and 300 K
were used for the structural refinement in the Pnma space
group. The refinement process includes the atomic positions
and isotropic temperature parameters plus six additional
extinction parameters according to an anisotropic extinction
model implemented in FULLPROF [20]. The extinction is
described by the yhkl coefficient which gives a relation between
the experimentally measured intensity of Bragg reflection, Iexp,
and the intensity I0, “corrected” for extinction:
Iexp = yhklI0. (3)
This coefficient is expressed as a scalar function of the
extinction parameter qhkl , the wavelength λ, the structure factor
Fhkl , and the diffraction angle 2θ :
yhkl = 1√
1 + 2.5 × 10−4
(
qhklF
2
hklλ
3
sin 2θ
) , (4)
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TABLE I. Structure parameters of YTiO3 at 40 K from structural refinement on 280 unique reflections with obtained agreement R factor
of 0.03.
Atom x y z Biso (Å2)
Y 0.0739(1) 0.25 0.9780(1) 0.24(1)
Ti 0.5 0 0 0.17(2)
O1 0.4577(1) 0.25 0.12081(7) 0.28(1)
O2 0.3093(1) 0.05801(5) 0.69042(8) 0.29(1)
a = 5.6844(31) Å, b = 7.5873(44) Å, c = 5.3104(47) Å
with qhkl = (q1h2 + q2k2 + q3l2 + q4hk + q5hl + q6kl)
(λ/ sin θ )2 and q1,..., q6 as refinable parameters. An accurate
description of extinction effects has crucial importance
for polarized neutron-diffraction measurements because
extinction has a very strong influence both on unpolarized
diffraction intensity and on flipping ratio used for the
determination of magnetic structure factor [Eq. (1)].
The refinement results are given in Table I for data
measured at 40 K in the paramagnetic phase. The anisotropic
thermal parameters are provided in Table 2S of Ref. [18]. The
obtained structure parameters are in agreement with litera-
ture [12,21,22]. Data treatment without extinction correction
leads to worsening the goodness of fit by a factor of 20.
Extinction parameters obtained in the refinement do not show
any considerable dependence on the temperature.
To exclude a possible lowering of Pnma symmetry due to
the orbital ordering, detailed structure studies were performed
on the single-crystal diffractometer TOPAZ at 90 K and room
temperature. As in the 5C2 experiment, a certain number of
weak reflections (about 350 at each temperature) violating
Pnma extinction rules were found. However, detailed analysis
of systematic absences and reflection conditions using the
SUPERFLIP program from JANA2006 [23] confirms the Pnma
space group as described in Ref. [18]. We believe that
the observation of some systematically absent reflections in
neutron diffraction is attributable to multiple scattering effects
as observed in previous x-ray-diffraction experiments [12].
B. Magnetization density reconstruction
Nuclear structure factors and extinction parameters de-
duced from the unpolarized neutron experiments were used
to derive the magnetic structure factors by solving Eq. (1).
Since the crystal structure is centrosymmetric, the magne-
tization density can be directly reconstructed from the mea-
sured magnetic structure factors by a model-free MEM [24].
Figure 1(a) shows the reconstructed three-dimensional magne-
tization density when all measured magnetic structure factors
are included in the reconstruction procedure. The antiferro-
magnetic ordering of 3d orbitals in the YTiO3 compound
is clearly seen in Fig. 1(a). The lobes of the 3d orbitals
become even more pronounced if the density reconstruction
is performed by using only special reflections for which the
contribution of the spherical part of the magnetic density of
titanium into the magnetic structure factor is equal to zero
[see Fig. 1(b); the number of reflections is 190]. Such a
reconstruction of spin density based on special reflections
measured by XMD technique was used previously [25].
We also note that the magnetization density depicted in
Fig. 1(a) shows weak magnetic density contributions located
near the apical oxygen O1 in 4c position. Summation of
the density around each atom provides a rough estimate
of magnetic moments. The magnetic moment of each atom
is the following: 0.743μB for titanium, 0.035μB for oxy-
gen O1, 0.021μB for oxygen in general position O2, and
−0.044 μB for yttrium.
C. Spin-density model refinement of PND and XMD data
In this refinement, the magnetic structure factors are
calculated from the spin density, which is modeled as a
superposition of the spin densities of titanium, oxygen, and
yttrium atoms [26]. In the case of titanium atoms the spin
density is estimated as the square of the modulus of the wave
function of an unpaired electron as described in the restricted
Hartree-Fock method [24]. In this method the wave function
is considered as a linear combination of Slater-type atomic
functions:
ψ =
N−1∑
L=0
RL(nL,ξL,r)
L∑
M=−L
αLMYLM (θ,φ), (5)
where the values N,L, and M are the quantum numbers
(N is the principal quantum number, L is the azimuthal
quantum number, and M is the magnetic quantum number);
RL(nL,ξL,r) is the Slater-type radial function; and YLM (θ,φ)
is the real spherical harmonics [26]. Coefficients αLM are the
FIG. 1. Magnetization density reconstructed by maximum en-
tropy method with (a) all measured reflections (the level of isodensity
surface is 0.05 μB/Å3) and (b) “special” reflections originating from
the aspherical contribution of the Ti spin-density distribution (the
level of isodensity surface is 0.10 μB/Å3).
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FIG. 2. Observed (filled symbols) and calculated (open symbols)
modulus of magnetic structure factors as a function of sin θ/λ
for PND data. Only unique reflections with nonzero (a) and zero
(b) contribution of the spherical part of magnetic density of titanium
into magnetic structure factor are shown.
atomic orbital coefficients with the normalization condition.
The wave function of an unpaired 3d electron of titanium Ti3+
has been refined with the following parameters: N = 3, nL =
2, ξ = 2.7 and nonzero coefficients αLM at L = 2 [27].
The real spherical harmonics are defined in a local Cartesian
coordinate system belonging to each titanium atom (see Fig.
1S in Ref. [18]). The local axes point to neighboring oxygens.
The z axis is directed towards the O
′
2 atom, which is farthest
from titanium (2.08 Å). The x axis is directed towards the O1
atom. The y axis has a direction towards the O2 atom. Distances
from titanium to O1 and O2 atoms are approximately equal to
2.02 Å.
For the description of spin density on the oxygen and
yttrium atoms, the spherical model has been applied:
ρsph(r) = 14π × μ × RL(nL,ξL,r), (6)
where μ is the atomic magnetic moment. The Slater-type radial
function has parameters nL = 2, ξL = 4.45 for oxygen and
nL = 6, ξL = 7.98 for yttrium [27].
The applied procedure is more universal for refinement
of experimental data than the analytical expressions used
previously [6,10]. More details about the model refinement
of the spin density are available in literature [24].
The PND data refinement gives good agreement between
calculated and experimentally observed flipping ratios (Fig. 2).
The parameters of the model are listed in Table II. The refined
wave function of the unpaired electron of titanium in the
asymmetric unit is
ψ =
√
0.61(6) |yz〉 +
√
0.39(3) |xz〉, (7)
where 3d orbitals |yz〉 and |xz〉 are described by the real
spherical harmonics Y2−1(θ,φ) and Y2+1(θ,φ), respectively.
We applied our refinement procedure to the experimental
XMD data. The comparison between calculated and exper-
TABLE II. Atomic magnetic moments (in μB ) and titanium
3d orbital populations in ferromagnetic YTiO3 from orbital model
refinement with PND, XMD, and joint PND-XMD data for two
weighting schemes (see text).
Joint PND-XMD
PND XMD Scheme 1 Scheme 2
Ti (μB ) 0.715(4) 0.597(47) 0.713(4) 0.708(5)
P (xy) 0.0 0.0 0.0 0.0
P (xz) 0.39(3) 0.53(4) 0.44(2) 0.47(2)
P (yz) 0.61(6) 0.43(6) 0.55(4) 0.51(4)
P (z2) 0.001(1) 0.03(1) 0.010(3) 0.022(4)
P (x2 − y2) 0.0005(7) 0.003(3) 0.0000(1) 0.0000(1)
O1 (μB ) 0.016(4) 0.05(4) 0.013(4) 0.009(5)
O2 (μB ) 0.004(3) − 0.08(4) 0.005(3) 0.005(4)
Y (μB ) − 0.047(4) − 0.14(4) − 0.049(4) − 0.053(5)
Nobs 286 62 348 348
GOF 5.3 3.5 5.4 5.6
imentally measured magnetic structure factors is shown in
Fig. 3. Similar parameters of the model have been obtained
(column 3 in Table II).
In spite of a smaller number of reflections in the case of the
XMD experiment compared to the PND one (62 points against
286 points), the refinement gives a similar distribution of the
unpaired 3d electron of titanium and thus comparable informa-
tion about the antiferromagnetic orbital ordering phenomenon.
The error bars of magnetic moments of atoms are high because
of the absence of reflections with low momentum transfer.
The XMD data are restricted to the high momentum transfer
reflections (sin θ/λ > 0.3 Å), for which a magnetic scattering
is highly reduced due to the decrease of magnetic form factor
versus resolution. For the same reason, introducing magnetic
moments on oxygen and yttrium atoms does not significantly
improve refinement of XMD data.
For the joint refinement of magnetic structure factors two
weighting schemes were used. The first scheme minimizes
the sum of the goodness of fit of each experiment [16,28,29].
This weight usually favors the experiment that provides a large
data set. The refinement results performed by the scheme are
presented in column 4 of Table II.
FIG. 3. Observed (filled symbols) and calculated (open symbols)
modulus of magnetic structure factors as a function of sin θ/λ for
XMD data.
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TABLE III. Theoretical atomic spin populations in YTiO3 in the
framework of the Bader model (in e−) and Ti 3d-orbital populations
(normalized to 1).
3d-orbital population
Bader spin population of the Ti atom
Ti 0.852 P (xy) 0.0
O1 0.036 P (xz) 0.46(1)
O2 0.049 P (yz) 0.54(2)
Y 0.015 P (z2) 0.002(1)
P (x2 − y2) 0.0000(1)
The second weighting scheme is based on the minimization
of the sum of the goodness of fit normalized per data number
for each experimental technique. It reduces the weighting ratio
between large and small data sets and hence should better take
into account the contribution of the small data set. The results
are given in column 5 of Table II. Both weighting schemes give
the same results, not statistically different from PND only.
The population of 3d orbitals is in agreement with our
XRD measurements performed at 100 K [22], where similar
populations of |xz〉 and |yz〉 orbitals were observed. The 3d
electron lobe orientations of the titanium atom are similar
for the static deformation density calculated from XRD
measurements and reconstructed spin density (Fig. 4)
In addition to the magnetic moment on the titanium atom,
small magnetic moments on the oxygen O1 and yttrium atom
are observed. It should be noted that the presence of small
magnetization on oxygen and yttrium may be related to our
recent XRD measurements, where anisotropic accumulation
of electrons around these atoms was observed [22].
D. DFT computations
Ab initio computations based on density functional theory
were done for YTiO3 to compare with experiment. The
computations were performed by the CRYSTAL14 package [30],
which is optimized for periodic calculations. The calculations
were carried out at the density functional theory level, using
the PBE0-1/3 [31] hybrid functional and optimized basis
set proposed in Refs. [32,33]. One unpaired electron per Ti
atom was attributed as an initial guess. The theoretical spin
populations obtained by Bader analysis performed by the
TOPOND package [34] are presented in Table III. The theoretical
3d orbital populations reported in Table III were estimated
by applying the previously defined orbital model refinement
to the calculated magnetic structure factors.The calculated
spin density in the Ti-O1-O
′
2 plane is displayed in Fig. 5
for comparison with the results of the model refinement on
experimental data [Fig. 4(a)].
The population of 3d orbitals of the titanium atom is well
consistent with the experimental results (see Tables II and III).
The lobes of the 3d orbitals as shown by Figs. 4(a) and 5
demonstrate identical orientation for experiment and theory.
Besides the spin population on the titanium atom, the Bader
analysis shows a small population on oxygen and yttrium
atoms. The estimated spin population on the oxygen O1 atom
(4.1% relative to the population on titanium) is in agreement
with experimental magnetic moment 0.013(4) μB , which is
FIG. 4. (a) Experimental spin density from joint PND-XMD
model refinement (normalized to 1 per TiO6 unit) in the Ti-O1-O
′
2
plane. Contours at intervals of 0.01 × 2n (n = 0, . . . ,12)μB Å−3:
positive, blue lines; negative, red dashed lines; and neutral, green
dashed lines. (b) Static deformation density from x-ray diffraction at
100 K [22]. Contours at intervals of 0.1e Å−3: positive, blue lines;
negative, red dashed lines; and neutral, green dashed lines.
1.8(6)% relative to the titanium magnetic moment as obtained
by PND-XMD joint refinement in scheme 1 (Table II).
The DFT calculations show a nonzero spin population on
oxygen O2, even larger than the O1 population. However, no
significant magnetic moment on O2 atoms was observed from
refinement of experimental data. The spin population on the O2
atom given by DFT calculation looks overestimated [35,36].
The small magnetic moment observed on oxygen O1 in the
YTiO3 compound may be significant for the understanding the
role of this atom in mediating magnetic interactions between
054426-5
I. A. KIBALIN et al. PHYSICAL REVIEW B 96, 054426 (2017)
FIG. 5. Spin density in the Ti-O1-O
′
2 plane calculated by DFT.
Contours at intervals of 0.01 × 2n (n = 0, . . . ,12)μB Å−3: positive,
blue lines; negative, red dashed lines; and neutral, green dashed lines.
neighboring Ti coordination polyhedra. It is widely recognized
that the magnetic interaction between the neighboring Ti t2g
orbitals is governed by the superexchange processes mediated
by the O 2p orbitals [1]. At these orbitals the t2g bandwidth
is reducing with decreasing the Ti-O-Ti bond angle. Because
the bond angle for the O1 atom is smaller than for the O2
atom—140.3 versus 143.7◦—the magnetic exchange between
titanium atoms is expected to occur mainly through the O1
atom. The negative spin density located on the yttrium atom
could result from spin polarization due to the positive spin
density on the O1 atom of the two short Y-O1 bonds (2.23 and
2.31 Å) of the Y surrounding.
It should be noted that DFT calculations do not evidence
any spin population on the yttrium atom, contrary to the
PND data analysis, which exhibits a negative spin population
on this atom. Indeed DFT calculations generally provide a
qualitative agreement with experimental spin densities from
PND but do not allow one to describe very fine details of
the spin distribution, which requires a higher level of theory
like the complete active space self-consistent field (CASSCF)
method [37]. A recent paper [38] confirms that, in the case
of a multireference system which corresponds to a single d
electron that could occupy any d orbital, the CASSCF approach
is proved to give better results than DFT.
IV. CONCLUSION
The model free reconstruction by the maximum entropy
method of the magnetization density in the ferromagnetic
YTiO3 based on PND measurements provides direct obser-
vation of orbital ordering of 3d orbitals of titanium and
observation of a magnetic moment on the oxygen atoms in 4c
position of the Pnma space group. The joint model refinement
of PND and XMD data shows that the titanium 3d electron
wave function can be described by a combination of |xz〉 and
|yz〉 orbitals. The positive spin population obtained on the
O1 atom is in agreement with DFT calculations and recent
results of charge density studies [22]. The PND-XMD joint
refinement method opens the way to accurate spin-density
determination in transition-metal compounds presenting an
orbital contribution to the magnetization density.
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